Abstract-Detailed modeling of radar scattering from wind turbines using commercial computational electromagnetic (CEM) tools requires large computing resources and extended run times. This paper will present a dynamic model specifically designed to model the radar cross-section (RCS) of wind turbines and the Doppler signature generated by the rotating blades in a rapid manner. The paper will elaborate on the methodology used for the meshing and the RCS computation of blades, tower and nacelle. Verification of the developed model against measured RCS of canonical shapes is provided. Finally, RCS and Doppler signature results of a generic turbine and a wind farm are presented.
farms has been computationally tedious and requires very large computing resources. This paper will highlight the main issues concerning the detailed modeling of the RCS of wind turbines using commercial computational electromagnetic (CEM) tools. It will also present a new methodology to model the returns from wind turbines and the Doppler signature generated by the rotating blades in a computationally efficient manner that can be used on standard desktop computers. The verification of the modeled RCS against measured data of canonical shapes and other RCS models are also presented. Finally the paper will demonstrate the models capabilities by modeling the RCS and the Doppler signature of a generic 2 MW wind turbine at selected illumination angles. The presented technique can also be used for large 8 MW turbines with 240 m rotor diameter.
II. CHALLENGES IN DETAILED TURBINE RCS MODELING
Wind turbines are complex in geometry and extend over hundreds or thousands of wavelengths at radar frequencies. Since typical meshing requirements for full-wave electromagnetic solvers to give accurate RCS modeling is 3-8 mesh points per wavelength [4] , [5] , this makes the computational task of calculating the electromagnetic scattering from wind turbines a challenging one.
Due to the shape and size of wind turbines, the structure must be represented with reasonable geometrical accuracy. Simplifying assumptions regarding the shape and geometry of the turbine components may result in significant RCS variations at radar frequencies. Additionally, the rotation of the blades adds a time dependency that will alter the effective RCS of the turbine for each radar sweep, whereas a longer term variation will occur due to the changes to the wind direction. As a result detailed modeling of the turbine over wide variety of orientations i.e. at different yaw, rotation, blade tilt and blade pitch angles are required in order to obtain representative RCS results.
The modeling work presented in [6] discusses and models the interference caused by wind farms on aviation radars. The study used a commercial CEM tool to calculate the total RCS of the target [7] . Estimated turbine geometry was used, which was based on scaled drawings of a proposed offshore wind turbine and only selected cases of certain rotation and yaw angles were modeled within this work. For the RCS calculation purposes, "the outline was deliberately created in a simple form since generating a detailed model is time consuming, costly and possibly exceeds the currently available computing power" [6] .
The radar studies presented in [8] and [2] included detailed onshore turbine geometry for the RCS modeling. These studies 0018-926X © 2013 IEEE used CEM tools [9] and [2] , which employ high-frequency RCS approximation methods including, physical optics (PO) integral equations to compute the returns from the surfaces, physical theory of diffraction (PTD) to calculate the contributions from the diffracted fields, and shooting bouncing rays (Ray Tracing) for multiple scattering between components of the turbine. Similarly, [10] used a method-of-moments (MoM) solver and a multilevel fast multipole algorithm (MLFMA) to model the scattering from a detailed turbine geometry and produce an RCS lookup table. In [10] the author states that the model required over 403,600 facets to represent the overall geometry of the wind turbine at the finest grid rendering. Even this number of facets was considered to be not enough to accurately model the scattering from the turbines very large and complex structure. The RCS calculations presented in [2] , [8] , [10] all required large scale computational resources to run the complete model. In [10] , at the lowest frequency, the model took an average of 7 minutes on a supercomputer using 64 or more nodes to complete a single RCS calculation at a given aspect angle [10] .
To save time and modeling cost, the results are often given as a table of farfield RCS values at a different of yaw, rotation and pitch angles as given in the previously mentioned studies [2] , [6] , [8] , [10] . The farfield can often be approximated by , where is the dominant dimension length of the object. In the case of the turbine as a whole, farfield distance at 3 GHz corresponds to 362 km (1,210 km at 9 GHz). This is considered to be greater than the maximum operational range of most radars and, therefore, this condition, in practice, is unlikely to be fulfilled. The scattering from a wind turbine may vary significantly with respect to range and the radar antenna pattern at close range [11] , [12] .
RCS lookup tables often assume a fixed radar height and range, which will give a constant source elevation angle of approximately 0 . This assumption may not be applicable when modeling radars operating near the wind farm or radar systems on moving platforms, such as marine navigational radar or airborne radars. The movement of the radar platform/vessel will cause the source elevation angle to change for each calculation producing different RCS value for each turbine within the wind farm. This adds to the time varying RCS caused by the rotation of the blades. Additionally, when considering airborne radar systems, the scattering contribution due to the ground reflections and the effects of multipath propagation may also significantly alter the scattered field from the turbine. Hence, accounting for the source angle, radar range, the rotation of the blades and the yaw angle will requires impractically large database for general re/use.
When dealing with a large wind farm that comprises of tens or even hundreds of turbines, rather than using the lookup table approach, a fast computational model to predict the RCS of each individual turbine provides a more flexible solution avoiding the limitation associated with lookup tables. Such a solution is presented in this paper in Section III detailing a modeling methodology that allows scenario specific modeling of turbine RCS and Doppler signature. Section IV shows verification of the models against measurements other models. Section V and VI show the modeling results of the static RCS and Doppler signature of an individual turbine and a complete wind farm respectively. 
III. RCS MODELING METHODOLOGY
When modeling the scattered radar signals from a turbine it is important to address the effect of turbine range, radar antenna pattern, and in some cases the partial shadowing of the turbine due to local terrain [12] . The presented modeling technique requires the turbine to be sectioned into smaller segments such that the radar is in the farfield of each segment but could be in the nearfield of the overall structure. The RCS of each segment is then computed depending on the defined scenario using the methodology given in Section III-A. Fig. 1 shows the modeled 2 MW turbine, the modeling coordinates system and the segmentation.
The blades and the tower of turbine are segmented into multiple small sections along their length. The size and number of segments depends on the application but for a single blade it is typically between 100-200 segments while the tower it is approximately twice the number of segments used in the blade. Once the RCS of each section is computed, the section is then treated as an independent target and its returns to the radar is modeled by accounting for the antenna pattern and other propagation factors. In addition to the static RCS, the segmentation of the turbine enables the modeling of the Doppler signature generated from the rotation of the blades as shown in Section III-B.
A. Segmentation and RCS Modeling
The principle components of a wind turbine (tower, blades and nacelle) are large in wavelength terms and have slow rates of surface curvature. This suggests that meshing the structure into flat facets with sizes greater than 2 wavelengths will approximate the geometry of the structure to reasonable accuracy. Keeping the facet size more than the 2 wavelength enables the use of PO to accurately compute the scattering from each facet using the Stratton-Chu equations for each facet shown in [13] . The use of PO to approximate the RCS of targets has been widely used and well reported in the literature [14] , [15] . The presented turbine modeling methodology utilizes this PO approximation in combination with an optimized meshing and segmentation algorithm to model the impact of complete wind farms on a radar system in a dynamic and computationally efficient manner. Reducing the modeling overhead will enable the study of the wind farm scattering characteristics and assist in the development of mitigation measures.
It is noted that the use of PO to model the RCS will not account for the scattering due to diffraction from sharp edges and wedges. However, since the model was specifically developed to calculate the RCS of predominantly looped curved surfaces on the blades, tower and nacelle; this is not seen to be an area of concern as shown in [21] where the scattering from turbines is dominated by surface scattering.
The meshing of the structure is limited to use quadrilateral facets only. When modeling the blade, for example, quadrilateral meshing can be achieved by aligning the axis of the blade with the Z-axis. The blade length is then sectioned along the Z-axis with a defined section length of no less than 2 wavelengths. Once the sections are digitized, each section is then meshed into small quadrilateral flat facets. A number of these small sections will be grouped together to form a segment, which can then be treated as an independent target as illustrated in Fig. 1 (c). The model is referred to as the Rectangular Meshing for RCS Approximation (ReMeRA) model which is part of the WinR (Wind turbine RCS) model-a dedicated wind farm impact modeling suit developed at the University of Manchester. Although this paper details the modeling procedure for a generic 36 meter wind turbine blade, the same meshing and RCS modeling procedure is used to compute the scattering from the nacelle or tower by aligning their axis along the Z-axis. Although not explicitly dealt with in this paper this technique can also model the effects on the RCS of blade and tower bending due to wind loading.
The RCS of the segment , is modeled by computing and adding the scattering from each facet on the segment using the PO formulations in [15] . By default each facet is assumed to be perfect electrical conductor (PEC). If needed, complex composite materials can be approximated by changing the reflection coefficients of the facets.
To obtain the total RCS of the turbine component (blade, tower or nacelle), , the contributions from all the segments are added coherently. The phase reference point of each segment is assumed to be at the centre of the segment as shown in Fig. 1(c) . By defining the location of the radar point and the turbine orientation, the distance to each segment is obtained from the geometry of the scenario. This is then used to compute the phase contribution from each segment. The total RCS of a turbine component, with N segments is obtained using the relative phase method which given by [16] (1) For large objects where the RCS is dominated by surface reflection, the relative phase method gives good approximation of the total RCS. However, the relative phase method neglects second order effects such as the mutual coupling between different components of the turbine. Sectioning the turbine into small segments enables the modeling of the turbine's nearfield RCS. This is achieved by coherently adding the farfield RCS from each segment while considering the phase contribution arising from the path length difference from the each segment to the source point. The minimum distance at which the nearfield RCS of the total turbine can be modeled is dictated by the farfield distance of largest turbine segment and the farfield distance of the radar antenna.
The use of PO approximation in combination with the meshing and segmenting methodology adopted yields to significant reduction in the modeling runtime and computational resources needed. Further improvement to the runtime is achieved through the implementation of simplified shadowing and blade rotation techniques.
Geometrically there are two classes of shadowing. One is where part of the structure is shadowed by different part of the same structure, which in this paper we termed as "self shadowing". This simply means that when incidence angle between the radar source point and the facet normal is more than 90 , the facet is removed from the geometry and no RCS calculations are made for that facet as shown in Fig. 2(b) . Although this is a simple approach to the shadowing problem, it significantly reduces the number of facets and hence reduces the run time and the memory usage. For simple shapes the number of facets is usually reduce by a factor of 2.
The second class of shadows is where by a shadow of one component is cast over another component. An example of this is when the blade shadows a portion of the tower or the nacelle. This class of shadowing is termed "component shadowing". This type of shadowing can be included; however, in practice, it is a relatively small and infrequent effect and has a high computational overhead. Therefore, within this paper, only self shadowing is included.
When modeling the rotating blade, a typical calculation may have around 20,000 quadrilateral facets per blade. Rotating the blade geometry, and hence, each point individually using the Euler Rotation Matrix is a significant computational task. Equivalently, it is possible to rotate the source point only to represent the rotation of the blade. After rotating the source point, the incident angle for each facet is calculated, shadowed facets are removed and the individual RCS of each illuminated facet is computed.
The same fundamental modeling technique can be applied to modeling the tower and nacelle. When modeling the nacelle, component shadowing can only be ignored if the model is limited to computing the RCS of objects with no protruding features that would cast self shadows. This condition is acceptable for most types of nacelles with simple geometries. For nacelle geometries that does not comply with this assumption, simplification of the geometry can be considered as an option since the contribution of the nacelle to the total turbine RCS is small at most incident angles. However, care must be taken when modeling a turbine with a nacelle illuminated from the side (i.e., Yaw). The scattering from the nacelle at such angles may dominate the total RCS of the turbine.
When computing the RCS of each turbine segment, the complex phase and magnitude of the RCS are stored. This then allows the coherent addition of the turbine segments to give the total RCS of the turbine at different rotation and yaw angles.
B. Doppler Signature Modeling
The ReMeRA model can also be used to approximate the Doppler signature generated by the rotating blades. This is achieved by computing the velocity vector and magnitude of each facet on the rotating blade. However, since the ReMeRA model segments the blade into sections along its axis, the facets in each section can normally be assumed to move along the same velocity vector as the blade rotates.
Initially the center point of each blade segment is calculated as the point in the middle of the section as shown in Fig. 3 . The centre points are then rotated to the desired orientation by defining the turbines yaw, rotation, tilt and pith angles. To find the direction of movement of each section, the displacement vector, , for each centre is calculated by applying a small rotation increment (0.5 is a default value) to the defined blade orientation. Then the direction of the section movement, , is simply given by normalizing .
Once the movement direction is calculated, the velocity vector of each section , can be calculated using , Where is the tangential speed of a section meters away from the blade rotation centre (the hub) as shown in Fig. 3 and given by , where is the blades rotation rate per minute.
By defining the location of the radar with respect to the turbine, the velocity vector can be resolved into a scalar value , which is the speed of the section towards or away from the radar point. The Doppler frequency shift , caused by the rotating section can then be calculated using . When the Doppler frequency shift is evaluated for each segment, the facets in that segment will be assigned the same value of . The ReMeRA model is then used to calculate the RCS of each segment as described earlier. The output of the model is an array of values for each segment containing its Doppler shift, RCS and phase contribution. In some cases multiple segments may have Doppler shifts that falls within a particular Doppler bin frequency range. The total RCS at that given frequency bin is computed by coherently adding the contribution from each segment as shown previously in (1) while including the change in for each segment due to its frequency shift.
The details of the Doppler signature modeling depend on segment length with respect to the blade length and the granularity required for the Doppler calculation. Given a Doppler frequency resolution , the segment length must not exceed . This is important for side illuminated turbine and for the worst case scenario where is equal to . can then be derived from the expression relating and as shown above and is given by
IV. RCS VERIFICATION The geometry of the principal turbine components primarily consists of large flat areas and slow curving surfaces. Therefore, it is important be able to accurately and efficiently model the reflected signal of such large surfaces. The ReMeRA model was extensively tested against measured RCS data of canonical shapes with flat and curved surfaces. To further test the ReMeRA model ability to model turbine components, it was compared against FEKO [17] .
It is worth noting that RCS measurements may be conducted in an anechoic chamber and the nearfield data is extrapolated to farfield RCS. The accuracy of the RCS measurement is dictated by the size of the tested target in comparison to the size of the test chamber. The RCS of larger targets cannot be measured in small chambers as these nearfield to farfield approximations would fail. Although testing the ReMeRA model against measured data for large objects is more appropriate, no available data was found at the due to the difficulty and the lack of facilities to measuring the RCS of large structures.
A. Verification Against Measurements
The model was verified against measured farfield RCS data of a prism [18] shown in Fig. 4 and nearfield RCS of a upright cylinder with 127 mm diameter and 631.8 mm length as given in [19] . The prism and the cylinder were modeled at 8 GHz and 12 GHz respectively. Both shapes were segmented along its axis and applied the faceting approach detailed in Section III. The modeled farfield RCS of the prism is shown in Fig. 5 while the nearfield RCS of the cylinder is shown Fig. 6 .
The ReMeRA model shows an excellent correlation around the specular region in both cases. The model accurately predicts angles and the levels of the specular reflections. The levels of the peak values are within 0.1 dB of the measured data. As the incidence angle moves away from the specular angle the correlation remains good although loses some accuracy when the scattering through diffracted waves from the edges becomes more apparent on the total RCS as noted in Fig. 5 . The ReMeRA model is based purely on PO approximation and does not account for the diffracted fields; therefore, at incident angles illuminating the edges of the prism the RCS predictions are lower than the measurements. As the total RCS of the turbine is dominated by surface scattering such differences are deemed to be acceptable for the purpose of this model [21] .
B. Verification Against Models
Since the wind turbine blades are made of different airfoil profiles along its length, the RCS of airfoils is of particular interest. Although no measured data was available for the verification process at the time, the modeling work presented in [15] was used to cross examine the ReMeRA model's ability against modeling using the Method of Moments (MoM). A four digit NACA 3370 airfoil profile with a chord length of 150 mm and a section length was 760 mm was modeled at 16 GHz. The results are shown in Fig. 7 .
The ReMeRA does not account for the diffraction from the trailing edge or the impact of second-order scattering terms, such as, creeping waves around the leading edge, travelling waves from the trailing edge, or tip-to-tip interactions on the overall RCS predictions. Given this the developed model showed excellent correlation with the Method of Moments for this size of object.
The ReMeRA was also compared against the RCS modeling results obtained from FEKO for a full wind turbine blade. FEKO uses a combination of techniques to calculate the electromagnetic scattering of large target [17] . In the case of modeling the scattering from this wind turbine blade, hybridized PO/MoM and UTD/MoM techniques were used to model the total RCS.
Although the blade is usually modeled as a hallow PEC shell, for the purpose of this verification, the blade root was closed by attaching a circular disk at the point of attachment with the hub. This will give a closed blade geometry which will speed the modeling runtime within FEKO. The RCS was modeled at 1 GHz. A vertical cut was taken around the blade starting by illuminating the blade root-cap, then varying the incident angle to illuminate the trailing-edge, blade-tip, leading-edge and then back to the root-cap. The results are shown in Fig. 8 .
The results are in very good agreement with both the levels and positions of the RCS peaks. The difference between the two models noted at 180 is when the tip of the blade is illuminated. This is due to the contribution of the diffracted waves to the RCS of the total blade. It is worth noting that for the RCS of a complete wind turbine, this will not be a concern as the RCS will be dominated by other parts of the structure such as the reflections from the other blades, the tower or the nacelle.
The good agreement with the measurements and results from other models gives confidence that the ReMeRA model can predict the RCS of turbine components to a good level of accuracy.
V. TURBINE RCS RESULTS
The developed model was used to model the total RCS of a generic wind turbine generated within the Supergen Wind research programme [20] . The general turbine geometry and modeling orientation is shown in Fig. 1 . A tilt angle of 5 is applied to the blades to provide sufficient clearance distance between the rotating blades and the tower. For the purpose of this paper, the radar is placed within the farfield of the turbine and the turbine is assumed to be rotating at 15 RPM. Furthermore, the turbine structure is assumed to be a PEC shell and the RCS results were modeled at 3 GHz. The highest RCS profile is expected to occur when the turbine is facing the radar. This is due to the illumination of the large and relatively flat pressure-sides of the blades. Fig. 9 shows the total turbine RCS generated over one full rotation. Fig. 9 also shows the RCS of each component individually. The runtime required to generate 360 calculations to represent a full rotation was approximately 2 minutes on a standard desktop machine. 1 The results show that for this particular turbine geometry, the contribution from the cylindrically tapered tower is 20 dBm , which will be constant at all yaw angles. The blades are the dominant contributor to the total RCS at this illumination angle reaching peak values of 44 dBm . At this yaw angle, the Doppler is low as the blades are not moving significantly in the direction of the radar. Fig. 10 shows the Doppler signature generated by the blades at 0 yaw. Only the contribution from the blades are modeled as the tower and the nacelle are assumed to be static and are not moving or vibrating as the blades rotate.
Although the RCS levels are high reaching up 40 dBm , the Doppler shift is relatively low and is confined between 120 Hz. This is caused by the tilt applied to the blades to avoid collision with the tower, which generates a slight movement towards/away from the radar as the blades rotate. The runtime required to generate the Doppler signature for the three blades across the full rotation (360 points) was approximately 2.6 minutes.
The illumination of the side of the turbine is considered to be the worst case scenario for Doppler based radar systems. Therefore, the ReMeRA model was used to predict the RCS of the turbine at 90 yaw. The results of the static RCS profile are shown in Fig. 11 while the Doppler signature from the blade is shown in Fig. 12 .
The static RCS of the turbine is dominated by returns from the nacelle at most rotation angles. The tower is also contributing significantly to the total RCS while the blades are only flashing when the leading-edge of a blade is illuminated. The Doppler plot shows that maximum Doppler shift caused is 1100 Hz. The illumination of the leading-edge generates high return with a high Doppler shift. When the trailing edge is illuminated, the high returns are generated by the cylindrical root section of the blade which does not contribute to the high Doppler returns. This compares well with Doppler signature measurements as shown in [2] .
VI. RCS OF WIND FARM
This modeling methodology was developed to enable the rapid assessment of the impact of a complete wind farms on radar using a standard desktop computer. To demonstrate this, the RCS of a wind farm with 20 turbines placed on a straight line was modeled. All the turbines in the wind farm were assumed to have the same generic geometry as Fig. 1 . The modeling layout of the wind farm with respect to the radar is shown in the PPI illustrated in Fig. 13 .
The wind direction was chosen to produce a 90 yaw angle with respect to the radar. Additionally, to account for the variation in each of the turbines Doppler returns the rotation of each turbine was chosen at random between 0 -120 . The RCS of the wind farm was modeled assuming a radar operating at 3 GHz and an effective range-cell length of 60 m. For the purpose of this paper the RCS was modeled including the effect of the radar antenna pattern and the effect of propagation over the sea surface but excluding inter-turbine shadowing. The modeled results show the effective RCS at each radar range cell obtained by coherently summing the contributions from each turbine segment in that range-cell. The modeling results of the static RCS are shown in Fig. 14 while the RCS with the Doppler shift is shown in Fig. 15 . The rotor diameter of the modeled turbines is 78 m while the radar range-cell length, which is dependent on the pulse width, was assumed to be 60 m. As the rotor diameter is larger than the range-cell length the turbine structure will fall within multiple range-cells simultaneously. This can be noted in Fig. 14 which shows that the RCS profile for each turbine occupies two adjacent range-cells. The peak RCS for each turbine is within the range-cell where the tower and nacelle are located as the returns from the tower and nacelle dominate the turbine RCS at this yaw angle as shown in the previous section. Fig. 15 shows that the RCS levels and the Doppler signature vary for each modeled turbine due to the randomized blade rotations of the turbines. The results also show that strong RCS component is at 0 Hz Doppler generated from the tower and nacelle (illustrated in Fig. 15 by the dark red point in each range-cell). The blade contributes significantly when the leading-edge is illuminated producing a high positive Doppler shift. Additionally, the Doppler signature generated from each turbine extends over two range-cells as shown in the static RCS profile. It is noted that the returns from the adjacent cell is low (approximately 15 to dBm ) for this particular turbine geometry. This is the result of only a small portion of the blade near the tip appearing the adjacent range-cell.
However, for turbines with rotor diameters that are considerably larger than the cell length returns from adjacent cells will be higher (as high RCS sections of the blade will be in that cell) and may then impact on the radar tracking performance.
Using the ReMeRA modeling methodology presented in this paper, the modeling time taken to complete the static RCS and Doppler signature for this specific scenario was 11.7 seconds while the modeling runtime for a larger wind farm with 80 turbines was 42.9 seconds. This rapid modeling runtime gives flexibility and enables the study of the impact of wind farms on different radar systems under various scenarios without the need for supercomputing environments.
VII. CONCLUSION
The interaction between wind farms and radar systems is complex in nature due to the various parameters affecting the scattering behavior of turbines. Modeling the RCS of wind turbines and is often considered a computationally challenging task due to the electrical size of the turbines in comparison to the radar wavelength. Although it is possible to compute the RCS of wind turbine using standard CEM tools, the computational requirements may include supercomputing environment and extended runtimes. To efficiently use the computing resources, it might be possible some cases to run the models and compile a large lookup table with farfield RCS values of the turbine at different orientations and rotation angles. But in the cases where the radar is operating near the wind farm farfield RCS will not give accurate representation of the turbine scattering. Hence, accounting for the source angle, radar range, the rotation of the blades and the yaw angle will requires impractically large lookup tables.
The developed turbine modeling methodology uses a simplified meshing and segmentation to enable the computation of the turbine RCS at different ranges and orientations. The use of PO formulations combined with the meshing, shadowing and rotation of turbine components gave results of good accuracy compared to other models and measured data. The RCS levels were in excellent agreement over the peak values and the regions where the RCS is dominated by surface reflections. Given the large size and the slow rates of curvature of wind turbine components this is valid for large range of practical cases. The runtime was typically few seconds per turbine orientation on a standard desktop environment.
The model was extended to compute the RCS and Doppler signature of complete wind farms. In this paper we consider a 20 and 80 turbine wind farms. Both RCS and Doppler signature were computed within tens of seconds of runtime.
